K 4 e Sl

AL OFEEE it (15

FALALE S HLT. 675

FhRGHA A SA34E3H23H

AL DB PALFRNES 5 455 1 THi% Y

A SCE H Study on material removal mechanism in rotary in—feed grinding
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Rotary in-feed grinding is a most promising process with high efficiency, precision and controllability
of wafer geometry including the thickness and flatness and thus has been widely used in
manufacturing of monocrystal wafers, such as silicon, silicon carbide, sapphire, lithium tantalate
and etc. In order to deeply understand the material removal mechanism in rotary in-feed grinding,
the objectives of this research are:

1. Theoretical and experimental investigations on the wafer profile generation.
2. Theoretical and experimental investigations on the wafer topography generation.

3. Theoretical and experimental investigations on the grinding force and heat assessments.

The thesis consists of the following contents:

In Chapter 1, monocrystalline materials are briefly introduced together with their applications and
manufacturing processes. The conventional manufacturing process such as lapping and polishing
using free abrasive is no longer able to meet the requirements in cost, productivity and accuracy.
The fixed abrasive process (or grinding) stands out as a most promising manufacturing technology
to replace the conventional processes.

The rotary in-feed grinding dynamic originated for wafering process is relatively new and totally
different from that of conventional grinding. This thesis provides a deeper insight view of
mechanism of rotary in-feed grinding, from engineering perspectives of 1) wafer profile and geometry,
2) chip formation and wafer surface topography and 3) grinding statics and dynamics.

A detailed survey on the monocrystalline wafering process has been made in chapter 2. From
accessible literature works, it is revealed that most of published researches are focusing on the three
specific scoops including the total thickness variation (T'TV), surface integrity and subsurface
damage to evaluate the performance of rotary in-feed grinding. When the dynamics of rotary in-
feed grinding is concerned, the grinding performances should be assessed from the following aspects:
(1) Kinematics and path control of each cutting edge which govern the wafer shape and profile; (2)
Chip formation and protrusion distribution of cutting edge which govern the surface topography and
integrity; (3) Grinding force and grinding heat which dominate the subsurface damage. Therefore,
a full understanding of rotary in-feed grinding mechanisms become more essential.

The mathematical analysis and experiments for wafer profile generation are described in chapter 3,
to obtain and optimize the grinding conditions for achieving great wafer geometry. First, the
motion and path of cutting edge in rotary in-feed grinding are kinematically analyzed in three-
dimensions, to address the behavior of each abrasive in generation of the wafer profile. The results
mathematically reveal the effects of wheel specifications, grinding conditions and wheel/wafer
configurations on the wafer geometry, particularly including offset distance between the axes of
wheel and wafer, the tilt angles of wafer axis and the diameter of the wheel. Second, the effects of
both cutting path density and machine stiffness on the wafer profile are assessed. The
experimental results in Si wafer grinding demonstrate a solution using tilt angle to counterbalance
the effects of machine stiffness and cutting path density on the wafer geometry.

In Chapter 4, the surface topography on the wafer surface is associated with the chip formation
which highly depends on distribution of abrasive protrusion in height-wise. Both theoretical



analysis and experiments results lead to a fact that the surface roughness becomes larger toward to
the outer circumference of the wafer, but smaller as decreasing in the rotational speed ratio. In
addition, influence of depth of cut has also been investigated. The mathematical analysis results
suggest that inadequate depth of cut may not improve the surface roughness in rotary in-feed
grinding due to the insufficient effective cutting edge involved in material removal.

The statics and dynamics in rotary in-feed grinding have been studied and discussed in chapter 5,
in order to associate not only the grinding conditions but also the wheel specifications with the
grinding force, grinding power and grinding heat. The grinding force exerted on an individual
abrasive is first correlated to the chip cross section, and then extended to the grinding force on a
single wheel segment and whole wafer. Meanwhile, a wireless thermo/dynamo-meter is designed,
developed and applied to measure the grinding force and grinding temperature simultaneously
during the grinding process. Both theoretical analysis and experiment results tell that the
grinding force on a wheel segment was proportional to the segment length, gradually grew along the
wafer radial distance and rapidly dropped to zero when the wheel segment exited from the wafer
fringe. Grinding force and consumed grinding power are proportional to the square of the wafer
size. This fact suggests that grinding large diameter wafers requires high rigidity and the spindle
power of the grinding machine.

Chapter 6 makes the summary of the achievements obtained in this study.
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